Abstract. In this study we examine the relationship between the Lunar Phases and the efficiency of light traps in catching winter moth (Operophthera brumata Linnaeus, 1758). Our calculations are based on data collected by the Hungarian Forestry Light Trap Network at four sites from 1961 to 2008. We also tried to estimate the influence of polarized moonlight and collecting distance, which also depends on moonlight. Our investigations revealed that the catches were the greatest in the First and the Last Quarters, and the lowest at Full Moon. The reason for this is that the proportion of polarized moonlight in the different lunar quarters varies, with the catches highest when the proportion is greatest. Collecting distance has only a minor role.
INTRODUCTION
It has been known for a long time that nocturnal insects orientate by means of moonlight. As noted by ancient observations ever since Aristotle, nocturnal insects are also attracted to artificial light. Scientists took advantage of this and constructed light traps. Among many other uses, light trap catches are useful in plant protection prognostics.
The majority of scientists working with light traps record a drop in the efficiency of the traps when there is a Full Moon, as against other lunar phases. Williams published fundamental studies in this field. According to Williams (1936) , the following reasons might explain the smaller catches when there is a Full Moon: (1) Light from a lamp attracts moths from a smaller distance in a moonlit environment, or (2) Moths are less active in moonlit environments and so the active population available for a light trap to attract is smaller.
It is important to define and distinguish between the concepts of a theoretical and a true collecting distance (Nowinszky, 2008) .
The theoretical collecting distance is the mean radius of the circle in the centre of which the trap is located and along the perimeter of which the illuminance caused by the artificial light source equals the illuminance of the environment.
The theoretical collecting distance depends on the luminous intensity of the artificial light source (candela), on the illuminance due to the Sun at dusk or dawn (the timing and length of twilights) and, over and above the illuminance caused by the nocturnal sky, on the periodically changing phase of the Moon. In recent decades, light pollution has had to be taken into account, the intensity of which may vary depending on the geographical position, season of the year or time of night.
The real collecting distance is influenced by the screening effect of the configuration of the terrain, objects, buildings and vegetation and presence of other light sources within the theoretical collecting distance. The real collecting distance also depends on the vagility (mobility), as well as the sensitivity of the insect species, which defines the maximum distance from which the insect can react to the light stimulus (Nowinszky, 2008) .
The following authors explain the lower catches recorded when there is a Full Moon in terms of a shorter collecting distance: Bowden & Curch (1973) , Vaishampayan & Shrivastava (1978) , Vaishampayan & Verma (1982) , Nag & Nath (1991) . Shrivastava et al. (1987) also suggest that the lower catches of light traps when there is a Full Moon may be due to the stronger and brighter light of the Moon and a smaller collecting area, which are clearly physical phenomena.
On the other hand, the cited authors were living at a time when they did not have to consider the effect of light pollution. Recently we studied the effect of light pollution on the relationship between light trap catches of the European corn borer (Ostrinia nubilalis Hübner, 1796) and moonlight (Nowinszky & Puskás, 2009) . In this study we were unable to detect any influence of either collecting distance or flight activity. In accordance with the theory of El-Ziady, however, we assumed that these moths fly at greater heights at Full Moon, although, in the absence of light traps operating at different altitudes, this could not be proved.
According to Edwards (1961) , measurements of the activity of insects depend on two factors. One is the pro-portion of the population that is active and the other is the amount of time spent flying by those that are active.
Similarly, but with greater precision, we define flight activity as follows (Nowinszky, 2008) . Flight activity is the ratio of the proportion of specimens actually flying within the real collecting distance and thus available to be caught by a trap and the length of time the insects spend flying compared to the duration of trapping. By available specimens we mean the ones within the real collecting distance that fly when the trap is operational. If we accept this definition, then flight activity can be expressed numerically, namely, as the percentage of the available specimens flying multiplied by the percentage of the time they spend flying. However, the total number of individuals available to be caught by a trap is never known and the length of time they spend flying impossible to measure.
If we intend to estimate the degree of activity by visual observations, we may also encounter difficulties. So it is no surprise that the opinions of scientists on the role of moonlight on flight activity are rather controversial.
According to Rézbányai-Reser (1989) , on moonlit nights when the Moon is above the horizon, moths often settle close to a trap before falling into it. However, general conclusions should not be drawn based on this observation. If, for example, we try to record the number of moths resting on vegetation in the vicinity of a trap at a Full Moon with the help of a torch, we also need to do the same thing at the same time of night at a New Moon, when the weather conditions are similar. Only then could we state that moths are less active at a Full than a New Moon.
Gy rfi (1948) attributes the much smaller numbers of insects caught by light traps at Full Moon to decreased activity. Nemec (1971) is of the view that moths are inactive at Full Moon. Persson (1974) found that moonlight had a more marked effect in decreasing the flight activity of females than males. The study of Bowden & Morris (1975) confirms the hypothesis, that insects are more active at Full Moon, because the catch is higher than that expected due to the decreased efficiency of the trap. Based on the results of their studies, Baker & Sadovy (1978) , and Sotthibandhu & Baker (1979) believe that moonlight cannot influence the collecting distance. Thus, in their view, light intensity moderates flight activity. On the other hand, the observations of Dufay (1964) contradict the theory that moonlight inhibits activity, as they record that nocturnal moths are attracted by car lights on moonlit nights and at Full Moon and although the numbers attracted to the lights decreases, it is never zero.
The cited authors examined the influence of activity only in the context of illuminance caused by the Moon and did not consider that the polarization of moonlight should be taken into account.
Research on the relationship between the numbers caught and the polarization of moonlight depends on proving that some insects orientate by polarized moonlight. In our earlier studies we pointed out that the high light trap catches in the First and Last Quarters can only be explained by the occurrence then of a higher ratio of polarized moonlight (Nowinszky et al., 1979; Nowinszky, 2008) .
There is still no comprehensive answer to the dilemma of Williams (1936) .
The winter moth (Operophthera brumata Linnaeus, 1758) flies from dusk (Sz cs, 1976 ) until midnight (Fenyves, 1960 . Ambrus (1990) observed winter moths flying to light only from places very close to the light source. During pheromone trap experiments, Ambrus & Csóka (1988 , 1989 , 1992 found that one-third of marked adult winter moth males stayed within a 10 m radius even on the fourth day after marking. The longest distance they recorded a specimen flying to a trap was 70 m. Based on these results, they think it is highly probable that light traps only catch moths from the immediate vicinity, so predictions of larger distances are not reliable. They hold this view even though aware of the fact that in outbreak years light traps catch tens of thousands of this species.
Because of the great deal of uncertainty in the scientific literature we decided to examine the way moonlight affects the light trap catches of winter moth. To do this we primarily considered the information on the behaviour of the species published in the studies of the abovementioned authors.
The winter moth Operophthera brumata Linnaeus, 1758 (Lepidoptera: Geometridae) is a univoltine, widely distributed Eurosiberian species that was also introduced into North America from Europe, with the first record from Nova Scotia in the 1950s and then the Pacific Northwest in the 1970s. It is a polyphagous species the larvae of which feed on many broadleaved trees and shrubs (Quercus, Fagus, Carpinus, Populus, Salix, Acer, Prunus, Betula, Alnus, Crataegus, Malus, etc.) and in Scotland they also feed and cause considerable damage to Sitka spruce, Picea sitchensis (Csóka, 1995) . It is regularly one of the dominant species of the spring defoliator assemblages, and is a major defoliator of oaks in many countries in Europe (Csóka, 1995) . In peak years the damage is recorded over tens of thousands of hectares in Hungary and the long term ) average of the yearly damage is about 9,000 ha in Hungary (Hirka, 2009) .
Cyclic outbreaks of winter moth occur in most of Europe, including Scandinavia. The outbreaks occur at 9-10 year interval (Leskó et al., 1999) . Recently its outbreak range, most likely due to the climate change, has expanded to the north-east (Jepsen et al., 2008) , therefore its importance will probably increase considerably in the near future. So it is important to monitor winter moth populations both from a theoretical and applied point of view.
Light traps are widely used in population studies of the winter moth. Although the wingless females are not caught, light trap catches can be used to provide damage forecasts (Leskó et al., 2008 (Leskó et al., , 2009 ), but their reliability is dependent on an awareness of the environmental conditions that influence the catches.
MATERIAL AND METHODS
To create lunar phase divisions, we downloaded temporal data on Full Moons from the website of the Astronomical Applications Department of the US Naval Observatory (http:// aa.usno.navy.mil/cgi-bin/aap ap.pl). Data on the rising and setting of the Moon and lunar phases were downloaded from: http://aa.usno.navy.mil/cgi-bin/aa_pap.pl. We arranged data on the relative polarization of moonlight into phase angle divisions based on the study by Pellicori (1971) .
Data on the illuminance of the environment were calculated using our own software. This software for TI 59 computers was developed by the late astronomer G. Tóth specifically for our joint work at that time (Nowinszky & Tóth, 1987) . The software was transcribed for modern computers by M. Kiss. The software calculates the illumination in terms of lux of the Sun at dusk, the light of the Moon and the illuminance of a starry sky for any given geographical location, day and time, separately or summarized. It also considers cloudiness.
All our data on cloud cover were taken from the Annales of the Hungarian Meteorological Service. The data in these books are oktas of cloud cover (eighth part) recorded every 3 h.
In addition, data on light pollution were taken into consideration when calculating theoretical collecting distances. In our earlier work (Nowinszky, 2006 (Nowinszky, , 2008 , we estimated light pollution based on the study of Cinzano et al. (2001) and lunar illumination. For this study the average illumination at Full Moon and in the First Quarter were calculated. The theoretical collecting distance can be calculated using the following formula: r 0
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where: r0 = theoretical collecting distance, I = illuminance from the lamp [candela] , E = the illuminance of the environment [lux], which is the light from the setting or rising Sun (EN), Moon (EH), starry sky (ECS) and light pollution (EF).
In the present study we did not include light pollution in our calculations, as of the available data on 28 adult broods only 8 were for years after 1982 and in the years before that light pollution is likely to have been quite moderate. We defined the concept of real collecting distance as the part of the theoretical collecting distance in which the catch is increasing.
As the proportion of polarized moonlight is highest in the First and the Last Quarters, we had to determine whether moths can see the Moon in these lunar phases in order to be able to examine the influence of polarized moonlight (Table 1 ). In the First Quarter they obviously can, as on these days the Moon is visible in the evening, but in the Last Quarter, in most cases only after midnight. Therefore, based on data on the rising and setting of the Moon in the period close to the Last Quarter, we determined whether each flight occurred only if the Moon was above the horizon before midnight, the period when this species is active.
We processed the catches of winter moth in the database of the Forestry Light Trap Network for the period between 1961 and 2008. The 4 observation sites chosen were those where the traps have been working continuously for the longest time, which are: Fels tárkány, Répáshuta, Szentpéterfölde and Vár-gesztes (Table 2 ). There are great differences in the numbers of specimens caught each year even by traps in the same locality. This may distort the results even if the number of specimens caught or derived relative catches are included in the calculations. To avoid this distortion, we only included the catches of traps that caught at least 500 specimens. In this way, we could at least work with specimen numbers of the same order of magnitude when calculating the relative catches.
We had a total of 838 catches of a total of 54 089 specimens from 28 broods available for analysis.
The observation data consists of the mean nightly catches of one trap. Only nights and hours when some winter moths were caught were included in the calculations, as our earlier studies indicated that although the Moon influences the efficiency of trapping, it never makes collecting impossible (Nowinszky, 2003) .
For every night of the flight periods (UT = 0 h) we calculated phase angle data of the Moon at midnight. Of the 360 phase angle degrees of the full lunation we established 30 phase angle divisions. The phase angle division including that of a Full Moon (0° or 360°) and values 0 ± 6° was designated 0. Beginning from this group through the First Quarter until a New Moon, divisions were marked as -1, -2, -3, -4, -5, -6, -7, -8, -9, -10, -11, -12, -13 and -14. The next division is ± 15, including the New Moon. From the Full Moon through the Last Quarter in the direction of the New Moon divisions, were designated 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 and 14 . Each division consists of 12 degrees (Nowinszky, 2003) . These phase angle divisions can be related to the four quarters of lunation as follows: Full Moon (-2 to +2), Last Quarter (3 to 9), New Moon (10 to -10) and First Quarter (-9 to -3). The nights and hours of the periods under examination were all classed in these phase angle divisions.
Based on the number of specimens trapped, we calculated relative catch values by species and by broods. Relative catch (RC) is the ratio of the number of specimens caught in a given sample unit of time (1 h or 1 night) and the average number of specimens caught in the same time unit calculated for the whole brood. If the number of specimens trapped equals the average, the value of relative catch is one. We calculated three-point moving averages from the relative catch data.
The use of moving averages is justified whenever the independent variable is made up of data representing a wide range of values that are to be contracted into classes. This is because the dividing line between these classes is always drawn more or less arbitrarily. Besides, extreme values in two neighbouring classes of the independent variable are always closer to each other than they are to the middle value of their own class. Working with moving averages ensures a degree of continuity between the data of our arbitrarily established classes and, at least partially, eliminates the disturbing influence of other environmental factors not examined in a given context (Nowinszky, 2003) .
We have sorted relative catch values into the proper phase angle divisions and averaged them. We depict the results and indicate the regression curve, its parameters and the significance levels in the figures.
Consequently, to examine the influence of polarized moonlight and the theoretical collecting distance on catch results we have divided lunation into two sections, one from New to Full Moon including the First Quarter (waning), and the other from Full to New Moon including the Last Quarter (waxing). This was important because in the First and the Last Quarters the distribution of both moonlight and its polarized proportion are asymmetrical.
We have previously associated the percentage value of the proportion of polarized moonlight with different phase angle divisions (Nowinszky et al., 1979) .
With the help of our special software, we calculated environmental illumination values associated with the phase angle divisions and from these generated theoretical collecting distances. For these calculations we assumed an average cloud cover of 5 oktas.
In addition, for the waning and waxing section of each lunar month we analysed the correlation between the 3 point moving average of relative catch values and polarized moonlight. In the same way we examined the relationship between the 3 point moving average of relative catch values and the theoretical collecting distance. In every case we calculated significance levels for the correlation coefficients. The results were plotted on graphs.
RESULTS
In Fig. 1 For the sake of interpretation of our results we have calculated correlation coefficients for polarized moonlight and theoretical collecting distance. These are as follows: 2. The locality and geographical position of the light traps and the period over which they were operated .
In the waning section, when the ratio of polarized moonlight is between 0 and 5.788% and the theoretical collecting distance between 27.9 and 98 m, r = 0.9219 and P < 0.001; when the ratio of polarized moonlight is between 0-6.576% and the theoretical collecting distance between 27.9-313 m, r = 0.7708 and P < 0.01.
In the waxing section, polarized moonlight: 0-6083%, theoretical collecting distance: 27.9-124.3 m, r = 0.8307 and P < 0.05; polarized moonlight: 0-8.765%, theoretical collecting distance: 27.9-262.1 m, r = 0.899 and P < 0.001. Fig. 1 shows two peaks in light trap catches of the winter moth (Operophthera brumata Linnaeus, 1758) in the vicinity of the First and Last Quarter. According to the studies of Sz cs (1976) and Fenyves (1960) , this moth is only active from dusk until about midnight. Therefore, in the First Quarter, specimens can see the Moon every night, but in the Last Quarter, when most nights the Moon rises only after midnight, the catch maximum lacks an explanation. For this reason, we examined the time of the rising and setting of the Moon for each brood. We found that in the case of broods where there was a catch peak in the Last Quarter, the Moon was above the horizon before midnight, so the moths might have sensed polarized moonlight for some time. On the other hand, in the case of broods where there was no catch peak in the Last Quarter, the Moon only rose after midnight. Our results on the influence of polarized moonlight confirm the results of Nowinszky (2008), namely:
DISCUSSION
The reason for the catch minimum observed during Full Moon may not be a relatively strong illuminance caused by the Moon. Most insects take wing at dusk and the illuminance values recorded during different twilights are higher than those due to moonlight.
Based on the works of Dacke et al. (2003) , Gál et al. (2006) and Heged s et al. (2006) we can presume that a high ratio of polarized moonlight presents more information for the orientation of insects than a smaller proportion of either positively or negatively polarized moonlight around the time of Full Moon. This may be the reason for the high catches in the First and last Quarters and low ones during a Full Moon.
The illuminance due to moonlight at a Full Moon does not generally decrease the flight activity of insects, as proposed by Williams (1936) . The point is rather that at a Full Moon flight activity truly decreases, as compared to that during the First and the Last Quarters. This might be caused by the difference in the volume of polarized moonlight, the highest during the First and the Last Quarters and the lowest at a Full Moon.
Our new results indicate that catches are high when the proportion of polarized moonlight is high (Figs 2-3 ). Based on our study, we can complete and partially modify the presumption of Williams (1936) , that strong moonlight decreases flight activity. Our results indicate that when a high proportion of moonlight is polarized, flight activity increases but when there is a low level of polarization, as at a Full Moon, flight activity decreases.
Studies by Ambrus (1990) and Ambrus & Csóka (1988 , 1992 show that winter moths fly to light traps from only a very short distance. Our results illustrated in Figs 4-5, plotting catch results as a function of theoretical collecting distance, seem to contradict this theory. According to these, an increase of catch may be observed up to 124 m from the trap. Therefore, we should consider this as the real collecting distance. On the other hand, in the chapter on results we have shown polarized moonlight to be closely and significantly related to the theoretical collecting distance. Thus, the contradiction with the results of the above mentioned authors may only be apparent. The increase in the catch might be due to the influence of polarized moonlight rather than collecting distance. This is also indicated by the very low and insignificant correlation (r = 0.177) between trap catches and collecting distance for a whole lunation.
In conclusion, light trap catches of winter moth are markedly influenced by changes in the level of polarized moonlight during the course of a lunar cycle.
